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THE ORIGIN OF SPECTRA. 1 


THE GUTHRIE LECTURE. 


The Origin of Spectra. 
By Prof. J. C. McLennan, F.R.S., University of Toronto. 


DELIVEREN MaArce 22np, 1912. 


Srvce Bohr * presented his views in 1913 on the origin of 
radiation involving the conception of a nucleus atom with 
permanent and temporary, stationary or non-radiating 
electronic orbits within it there have probably been no ad- 
vances made experimentally in the field of radiation which 
have been more stimulating or more far reaching in their 
consequences than the early experiments of Frank and Hertz.+ 
In these experiments they showed that when heated mercury 
vapour was traversed by electrons possessing kinetic energy 
acquired in passing through a fall of potential of about 4-9 
volts, the vapour was stimulated to the emission of the single 
wave length 1=2536-72 A.U. This result constituted a new 
and, in so far as range of spectrum involved is concerned, 
most interesting application of the quantum theory, for it 
will be seen that with the relation Ve=hv, where h=6-6 x 10-2? 
erg. sec., 4-9 volts is the potential fall which corresponds to 
the frequency of the wave length 14=2536-72A.U. Interest 
was added to this discovery when Frank and Hertz also 
pointed out that they were led by their experiments to the 
view that when mercury vapour was bombarded by electrons 
the minimum energy required to ionise a mercury atom was 
that acquired by an electron in a field of 4-9 volts difference 
of potential. It was soon seen that these two results were 
not compatible with the theory of Bohr of the origin of radia- 
tion, for assuming the validity of the quantum theory, it is 
impossible for an atom which possesses a series of stationary 
orbits to be ionised, and, being ionised, to be capable of emit- 
ting a radiation consisting of a single wave length. Apart 
from this consideration, however, Frank and Hertz’s experi- 
ments were interesting and stimulating in that they directed 
attention to certain fundamental series in the spectra of the 
elements and indicated the possibility of connecting up quan- 
titatively certain numerical relationships associated with 


* Bohr, ‘‘ Phil Mag.,” July, Sept. and Nov., 1913; March, 1914; Feb. 
and Sept., 1915. 

+ Frank and Hertz, “ Verh.” d. Deutsch. Phys. Ges., Vol. X., p. 457. ; 
and Vol. XI., p. 512. 


VOL. XXXI. B 


2, PROF. J. C. MCLENNAN ON 


these series with the dimensions and other features of the 
stationary electronic orbits of the atoms themselves. These 
remarkable experiments of Frank and Hertz have formed 
the starting point of a rather elaborate piece of experimental 
work, in which it has been my privilege in collaboration with 
my students to take a part. In the communication which is 
to follow it will be my endeavour to outline the main features 
of the development which has taken place in the interval, 
and to indicate, if possible, the significance and trend of the 
investigation to date. 


(1.) Origin of Radiation and the Quantum Relation. 


Following the original experiments of Frank and Hertz 
and extending them to include vapours other than mercury, 
we have been able to show that when the vapours of mercury, 
zinc, cadmium and magnesium * were bombarded by streams of 
electrons of moderate intensity from an incandescent limed 
cathode, as the mean kinetic energy of the electron was in- 
creased a point was reached when the respective vapours 
emitted a radiation of but a single and definite wave length. 
With mercury this wave length was 4=2536-72 A.U., with 
zinc it was A=3075-99 A.U., with cadmium 1=3260-17 A.U., 
and with magnesium /=2852-22 A.U. Moreover, the impact 
voltages which were found to be requisite for the stimulation 
of these monochromatic radiations were those which are given 
by the quantum relation Ve=hv, v being the frequency of the 
radiation emitted. 

In these experiments it was also found that no additional 
radiation was emitted by the vapours as the electrons were 
speeded up until arcs were struck, which they were when the 
impact voltages applied were those given by the quantum 
relation Ve=hv for the frequency v=(1-5, S). This frequency 
it will be noted, was the frequency of the shortest wave length 
of the series represented by v=(1-5, S)—(m, P) in the spectrum 
of each of the vapours mentioned above. 

This work has since been extended by Bergen Davis and 
Geucher,} who have shown, when using mercury vapour of 
low density, bombarded by electrons, that while a radiation 
of wave length A=2536-72 A.U. was emitted without ionisation 


* McLennan and Henderson, ‘“ Proc.’’ Roy. Soc. A, Vol. XCL., p. 485 


McLennan, “‘ Proc.” Roy. Soc. A., Vol. XCIL, p. 307; McLe Ji 
Rev.,” Vol. X., p. 84, July, 1917. oS 0 eae 


+ Borgen Davis and Goucher, ‘“ Phys. Rev.,”’ Vol. X., No. 2, p. 101, 1917. 
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when a mean impact voltage of 4:9 volts (the quantum 
relation voltage) was used, an additional radiation of wave 
length 2=1849 A.U. appeared when the mean applied impact 
voltage was 6-7 volts. For this radiation it will be seen the 
quantum relation Ve=hv again applied. They also showed that 
ionisation by impact without an apparent increase in radiation 
occurred with an impact voltage of about 10-4 volts. This 
voltage, it will again be noted, corresponds by the quantum 
relation to the frequency of the shortest wave length of the 
principal series v=(1-5, S)—(m, P). 

It follows, therefore, that the arcing potential with mercury 
vapour under bombardment by streams of electrons of mode- 
rate intensity is the same as the ionisation potential for 
mercury atoms, and that both these magnitudes are given by 
the quantum relation using the frequency v=(1-5, S). This 
result, therefore, confirms the view originally put forward by 
me,* which was also put forward independently by Bohr 
about the same time in so far as the relation of the ionisation 
potential to the spectral frequency y=(1-5, S) is concerned. 

The results obtained by Bergen Davis and Goucher, who 
used the photo-electric effect for the detection and identifica- 
tion of the radiations emitted, have recently been extended 
to the vapours of zinc and cadmium by Mr. Ireton f and 
myself, using the photographic method. With zinc vapour 
it has been found that by the use of quantum impact voltages 
it is possible to stimulate the radiations of wave length 
A=3075-99 A.U. and 2=2139°33 A.U., and with cadmium 
vapour the radiations of wave length 7=3260-17 A.U. and 
4=2288-79 A.U. In the case of both vapours no indication 
of the existence of the shorter wave length was obtained on 
the plates until the impact voltage demanded by the quantum 
relation for it was applied. With impact voltages applied 
higher than those corresponding to the above mentioned 
shorter wave lengths no additional radiation was obtained 
until ares were struck. In so far, then, as our own experi- 
ments and those of Bergen Davis and Goucher go it is clear 
that they seem to indicate that by the use of “ quantum ” 
determined impact voltages it is possible to make the vapours 
of mercury, zinc and cadmium emit radiation consisting of 
one, and only one, wave length, and that by the use of still 


* McLennan and Henderson, “ Proc.”’ Roy. Soc. A., Vol. XCI., p. 490, 
1915. 
+ McLennan and Ireton. Communicated to the “‘ Phil. Mag.,” Oct., 1918. 
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higher “quantum” impact voltages to make the vapours 
emit a radiation consisting of two, and only two, wave lengths. 
Fig. 1, which is typical of all the vapours referred to, shows 
the results obtained with zinc. Reproduction No. 1 shows 
the many lined spectrum of the zinc spark. Reproduction 
No. 2 shows the line at A=3075-99 A.U., which was brought 
out when an impact voltage of 5-6 volts was used, and repro- 
duction No. 3 shows both the lines corresponding to 4=3075-99 
and 4=2139-33 A.U., and was obtained with an impact voltage 
of 7-5 volts. As 5-8 volts is the quantum voltage for 
A=2139-33 A.U. and 4 volts that for 4=3075-99 A.U., it will 
be seen that when an applied P.D. of 5-6 volts was used we 
were well above that demanded for the longer wave length, 
and just below that required by the quantum theory to bring 


out the shorter wave length. It is interesting to record that 
even with exposures of 10 hours’ duration no indication was 
obtained on the photographic plates of the wave length 
2139-33 A.U., when an impact voltage of 5-6 volts was used. 
The form of the fused quartz tube used in carrying out these 
experiments is shown in Fig. 2, and has been fully described 
elsewhere. C was an incandescent tungsten cathode, and L 
was the zinc metal which was vaporised. It should also be 
stated that in measuring the impact voltage allowance was 


made for the drop in potential over the incandescent filament 
and its leads. 
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TABLE 1. 
Series Spectra. 
(1-5, S)—(m, p,) series. 


Mercury. Zine. Cadmium. m. 
ZOSO 12 Shlestose SOTO-9Or wncacsnss B10, 0107 Bean pepo 2 
TASB*59 races 1632708. .0sc0 see LUO caslonstess 3 
TSUTIBS: csclssecne 14:68:90) sess. POST SOL weaeorsss 4 
D259 SU recesses 1408-86 ......... 1474-06 .......4 5 
TZSO:O errs sessed USTS-SS Wvcec-ese. 1442-60 ......... 6 
1222-44 ......... USGZ-DO mR sahe sas 1424-40 ......... 7 
Te IG SAL fe Rarer at 1 asiedesse mp tis atan eve 8 

TGC ALLS 8:00) cseesa0e 1320-00 ......... SASHA Seececroce a0 
(1:5, S)—(m, P) series 

Mercury. Zine. Cadmium. m. 
USAO-O SE ecestaiees QSOS! cncccsans D285 OM astesaces 2 
TAQ2 TLS. casero 1589-64 ......... TGG923)) Me ceeacte's 3 
W268 Oa eheese TA57-G4. 02. 5.505s U5 ZOs 1B) 4 atesecse 4 
1250-6 ees see TST O29 erect soe ces 1469-35. .......0. 5 

TGtHATSS:0) 5 cients 1320-08 aisea.s. SSC abicccseeese @ 


From Table I. it will be noted that the wave lengths 
A=2536-72 A.U., A=3075-99 A.U., and 1=3260-17 A.U. are 
respectively the first members of the combination series 
v=(1-5, S)—(m, p.) and the wave lengths 2=1849-6 A.U., 
4=2139-33 A. U., and 4=2288-79 A.U., the first members of 
the singlet principal series v=(1-5, Bon. P), The other 
members of both these series for the three metals, as the table 
shows, are all beyond the range of wave lengths which can be 
recorded by a spectrograph with an optical train of quartz. It 
would be interesting to extend the experiments described 
above so as to see if the higher members of these two series 
would come out on the plate one by one if the impact voltage 
of the electrons were increased to that given by the quantum 
relation for their frequencies. To do this it would be neces- 
sary to use a fluorite spectrograph or a vacuum grating spectro- 
graph for the range intermediate between 4=1900 A.U. and 
A=1400 A.U., and a vacuum grating spectrograph for the 
range below 1=1400 A.U. 

To work in this direction some experiments were set on foot 
for me by Mr. Ainslie with a fluorite spectrograph and others 
by Mr. Lang with a vacuum grating spectrograph. It was 
found that with both instruments much time was consumed 
in working out technical details. The results obtained to 
date with them will be published shortly, and they will show 
that with the fluorite spectrograph it is now easy to obtain 
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spectrograms down to 4=1400 A.U. With the vacuum 
grating spectrograph spectrograms well below 2=600 A.U., 
can be readily obtained. Through time devoted to war work, 
however, the experiments had to be discontinued before it 
was possible to examine with care the point raised above. 


(II.) Investigation of the Ultraviolet Region with a Fluorite 
Spectrograph. 

The general characteristics of the fluorite spectrograph will 
readily be seen from the sketch shown in Fig. 3, and the 
instrument as in actual use is shown in the photographic 
reproductions of Fig. 4 and Fig. 5. The prism was mounted 
in a central brass chamber from the two opposite sides of 
which projected a brass collimator tube and a brass tube ter- 
minated by a plate holder. This latter consisted of a shallow 
rectangular box carrying a frame which could be slightly 
rotated when adjustment was necessary. The box was 
provided with an opening at one end through which the 
photographic plate could be slipped into position. When 
the plate was in position and ready for an exposure the 
opening was closed with a small brass cap, and the joint 
made airtight by means of a rubber washer. The operation of 
inserting the plate and of closing the opening in the plate- 
holder was, of course, carried out in the dark. The photo- 
graphic plates used were narrow strips cut from Schumann 
plates recently prepared and put on the market by the Adam 
Hilger Co. 

In the course of the experiments it was found necessary to 
remove all water vapour from the spectrograph, in order to 
secure the best photographic results in the region of the 
shorter wave lengths. For that purpose a large cylindrical 
brass drying chamber, shown in Fig. 3, was attached to the 
collimator tube. Through an opening in one end of this 
chamber it was possible to insert or remove when desired a 
shallow tray filled with phosphorus pentoxide. The plate 
P, Fig. 3, provided with a rubber washer, enabled one to close 
the opening quite satisfactorily. The collimator tube was 
provided with two closely fitting tubes A and B, concentric 
with it. One of these, A, carried a disc, in which was inserted 
the condensing fluorite lens and the other, B, carried a plate 
to which the slit jaws were attached. The focussing lens was 
carried on a disc borne by a sliding tube, F, similar to A and B, 
The edges of the discs which carried the lenses were pierced 
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with a number of holes so that the air had free access through 
them to all parts of the instrument. The air was removed 
from the apparatus by means of a set of oil-sealed mechanical 
Trimount pumps, the connections being made with lead piping 
at the points shown in Fig. 3. The reproductions shown in 
Fig. 6 will serve to show the character of the results obtainable 
with arcs in vacuum between electrodes of thallium, lead, tin, 
nickel, iron and cobalt. The hydrogen spectrum is shown 
accompanying each reproduction. From the spectrograms 
it will be seen that wave lengths down to 4=1400 A.U. were 
readily recorded. 


(III.) Investigation of the Extreme Ultraviolet Region with a 
Vacuum Grating Spectrograph. 


The vacuum grating spectrograph was designed by and 
obtained from the Adam Hilger Co. A sectional plan and 
sectional elevation of this instrument are shown in Fig. 7. 
Sketches of the grating mounting are shown in Fig. 8 and others 
of the slits, slit taps, auto-collimating eye-piece and film- 
carrying tap are given in Fig. 9. 

The various parts with their designating letters are as 
follows :— 


A. Tinned brass tube. 
B. Ground end plate. 
C, Grating carriage. 
D. Rails for carriage. 
H. Ruled diffraction grating ; 25,909 lines per inch, 120 cm. radius. 
F. Tube with ground fitting for exhaust. 
G. Large ground tap containing film carrier, 
H. Photographic film, Schumann sensitised. 
I. Auto-collimating eye-piece, 
J. Glass right-angled prism. 
K. Slit. 
L. Exhaust tube for film carrier. 
M. Aperture for loading film carrier. 
N Ground fitting for eye-piece, replaced by ground plug in working. 
O. Ground taps for exposing through slit. 
Q. Screw for adjusting vertical inclination of grating. 
R. Micrometer screw for setting orientation of grating. 
S Mount for diffraction grating, 


The spectrograph was formed of a brass tube (A) 115 cm. 
long, 15cm. in diameter and 35mm. thick. At one end 
there was a cover (B) ground in and soldered and at the other 
a casting containing the slit and film holder. The slits (K), 
of which there were two 5-5 cm. apart, were mounted in a 
recess in the casting, and kept airtight when desired by a 
window. Each slit was provided with a tap (O) to enable 
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exposures to be made. The film (H) was carried in the main 
tap (@). The tap body had an aperture (M) to enable the 
film carried to be loaded, and an exhaust tube (L) to exhaust 
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Section of Spectrograph looking 
towards Grating Mount. 


the film carrier before the exposure was made. This in- 
genious arrangement was intended to make it possible to 
introduce a plate without losing the vacuum in the main tube. 
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At the slit and film end of the tube on one side there was a 
mount for an auto-collimating eye-piece (Z) and prism (J) 
mounted in a taper plug (N). When not in use the plug (1) 
with eye-piece and prism were withdrawn complete and re- 
placed by a solid plug. 

At the other end of the tube were rails (D) on which slid a 
carriage (C) carrying the grating mount (S). The length of 


ULL LZ 
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End View. 


Vertical ‘Section 
Fie. 9. 


rails was sufficient to allow about 10 cm. travel for the car- 
riage. The ruled grating No. 106 was 2-5cm. wide and 
19cm. high. Its radius of curvature was 120cm. and its 
ruling consisted of 20,000 lines to the inch. The mount was 
provided with adjusting screws (P) for setting the lines of the 
grating parallel to the slit, an adjusting screw (Q) for vertical 
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inclination of grating, and a micrometer screw for setting 
orientation of grating. The tilt of the grating and also of 
the film was 3° 13’, 

The main exhaust pipe (F) was situated near the slit and 
film end of the tube and the volume to be exhausted was 
about 23-5 litres. 

The inside of the main tube and all brass work in its interior 
were tinned; in the case of ground fittings, such as the taps 
(G) and (0), the grinding was done after tinning. — 

It was found exceedingly difficult to secure complete 
absence of porosity by tinning, and in the end this was accom- 
plished by painting the whole of the exterior of the main 
tube with a thin layer of heated Chatterton’s compound. In 
the course of the work it was found to be an advantage to 
paint the whole of the interior surface of the large tube a dull 
black to prevent reflections, and a number of diaphragms were 
placed at equal distances throughout its length for the same 
purpese. 

A cylinder made of brass tubing 30cm. long and 10 cm. 
in diameter, and not shown in the drawings, was connected 
to the main spectrograph tube by means of a short tube of 
large diameter. Through an opening in the end of this smaller 
cylinder a tray containing a thin layer of P,O,, and covered 
with glass wool could be inserted or withdrawn as desired. 
To secure the best results it was found necessary to remove 
all water vapour from the interior of the apparatus. Before 
making exposures with the arrangement described consider- 
able quantities of phosphorus pentoxide were used, and this 
removed the vapour very rapidly when each exhaustion was 
made. The opening through which the tray was inserted was 
closed with a brass plate and made airtight with the Chat- 
terton compound. 

The photographic plates used were of the Schumann type, 
manufactured by the Adam Hilger Co. They were cut as 
desired from larger plates, and were about 5mm. in width 
and 8cm. in length. About 700 A.U. was the range which it 
was possible to investigate with one slit without shifting the 
grating. The plate holder was of such a construction that the 
thin plates when inserted in the holder were bent to an arc of 
the circle, which included the ruling of the grating. 

In making the exhaustions two Trimount oil pumps in 
serles, run at 250 revs. per min. were used. To test the 
character of the vacuum obtained from time to time, a short 
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glass vacuum tube was sealed by aside tube into an opening 
made in the side of the spectrograph main tube. A discharge 
from a small induction coil was sent at intervals through the 
vacuum tube, and the appearance of the discharge gave an 
indication of the pressure within the apparatus. 

Connection from the spectrograph to the pumps was made 
through a lead pipe of about 1 in. diameter provided with a 
¢ in. Jenkins disc steam valve. This steam valve, which was 
provided with an oil seal as well as the usual stuffing box 
arrangement around the stem, worked very satisfactorily. 

In practice it was found impossible to keep the ground 
joint made by the tap G@ with its matrix perfectly airtight at 
every point without coating all exposed parts of the joint with 
wax. In turning the tap to expose a plate this wax coating 
was always broken, with the result that leaks occurred. After 
spending considerable time trying to rectify this defect, the 
best results were finally obtained by abandoning the idea of 


Fic. 10. 


exhausting the plate-holder space in the tap G preliminary to 
turning the latter, so as to expose the plate. 

The tap G, as originally provided with the apparatus, was 
replaced by a second one shown in Fig. 10. This large tap 
carried the plate holder as the original one did, and instead’ 
of the plate holder being inserted in a recess in the side of 
the tap as formerly the tap was slotted out to one end as shown 
at Ain Fig. 10. This allowed the plate holder mounted on a 
thin brass strip to be inserted from the end A. When the 
plate was inserted the opening was covered with a small brass 
disc, which was sealed about its edge with wax. With this 
arrangement the tap always had its plate-holding recess facing 
the grating and ready for an exposure. The exposed parts 
of the tap joint were permanently covered with a wax coating 
to secure air-tightness. 

The use of the special tap necessitated the re-exhausting 
of the whole apparatus, each time an exposure was made. 

The Trimount pumps, however, were very rapid and effi- 
cient in action, and it was found comparatively easy to reach 
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with half an hour’s continuous running, a pressure low enough 
for the induction coil discharge to give green fluorescence in 
the pressure testing vacuum tube. The reproductions shown 
in Fig. 11 serve to indicate the results obtainable with the 
instrument. The preliminary photographic work was chiefly 
done with arcs in vacuum between carbon terminals, and, as 
the reproductions show, the spectrum of this element was 
investigated as far down as 584 A.U. 


(IV.) Ionisation Potentials. 


Referring again to Frank and Hertz’s experiments, it will 
be recalled that they found that when mercury vapour was 
bombarded by electrons with a mean impact voltage of 4-9 
volts, it became conducting, and they concluded from this that 
4-9 volts was the ionisation potential for mercury atoms. 
They also found, as stated above, that the same impact voltage 
just sufficed to stimulate the vapour to the emission of mono- 
chromatic radiation of wave length 1=2536-72 A.U., which 
latter is in accordance with the requirements of quantum 
theory. If, however, the Bohr theory, that radiation of a 
definite frequency is emitted by an electron as it returns from 
an outer stationary orbit to an inner one, be accepted as the 
explanation of the origin of the emission of radiation giving a 
line spectrum by a nucleus atom of the Rutherford type, then 
Frank and Hertz’s interpretation of their experiments leads 
us into difficulty, for it is impossible to hold Bohr’s theory of 
the origin of radiation to be true, including acceptance of the 
quantum principle, and at the same time to hold the view 
that impact voltages which would just stimulate atoms to the 
emission of radiation consisting of one wave length will also 
suffice to ionise these atoms. An atom which is ionised is one 
which has had one or more of its electrons removed beyond its 
outermost stationary orbit. Consequently, if an atom be 
lonised it is in a condition to emit not a single line spectrum, 
but a spectrum consisting at least of one whole series of lines. 
In my early experiments I pointed out that my experiments 
led me to the view that if ionisation of mercury vapour was 
really brought about with an impact voltage of 4-9 volts, then 
an impact voltage of about 10-4 volts produced a second type 
of ionisation. 1 also pointed out that this type of ionisation 
was In accordance with the Bohr theory of the origin of radia- 
tion, because an impact voltage of 10-4 volts was just suffi- 
cient to establish an arc in the vapour, and so bring out the 
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many lined spectrum of the element. As already pointed 
out, the matter has been cleared up to a certain extent by the 
experiments of Bergen Davis and Goucher, for these experi- 
menters have shown that the real ionisation potential of mer- 
cury vapour is about 10-4 volts, and that the conductivity 
which Frank and Hertz observed, with impact voltage of 4-9 
volts, was not due directly to the bombarding electrons, but 
was due to the photo-electric reaction of the radiation of 
wave length 1=2536-72 A.U. stimulated by the electric bom- 
bardment of the vapour. Bergen Davis and Goucher take the 
view that this photo-electric conductivity has its origin at 
the surface of the metallic electrodes upon which the radiation 
fell. It may conceivably, too, have had an origin, in part, 
at least, in condensed layers of mercury vapour in the neigh- 
bourhood of the cathode, for Derieux* has recently shown 
that the long wave length limit for the production of the 
photo-electric effect with mercury droplets is greater than 
A=:2536-72 A.U. and less than 2=3126 A.U., and is probably, 
therefore, about A=2800 A.U. 

Tate f and Bishop { have also recently confirmed experi- 
mentally the results of Bergen Davis and Goucher, and it 
now appears to be settled that 10-4 volts is the real ionisation 
potential of mercury atoms. It follows, therefore, that we 
have in this conclusion regarding the ionisation potential for 
mercury strong support for the view put forward by me that 
impact voltages which just suffice to establish arcs in metallic 
vapours when electronic streams of moderate density are used 
are exactly the same in magnitude as the ionisation potentials 
for the atoms of these vapours. 

Going one step further, we see that since with mercury, 
zinc, cadmium and magnesium vapours the arcing potentials 
with streams of electrons of moderate density have been shown 
to be practically identical with the P.D.s given by the quantum 
equation for the frequencies v=(1:5, S) of the spectra of 
these vapours, it follows that of all the wave lengths in the 
spectra of at least a number of the elements those whose 
frequencies are given by v=(1:5, S)—(m, P), and possibly, 
too, by v=(1-5, S)—(m, pz), are of fundamental importance. 
A knowledge of the wave lengths of these in the spectrum of an 
element, enables us to calculate the frequency v=(1-5, S) for 

* Derieux, ‘‘ Phys. Rev.,” Vol. XI., No. 4, p. 276, April, 1918. 


+ Tate, ‘‘ Phys. Rev.,” Vol. X., No. 1, p. 81, July, 1917. 
{ Bishop, “ Phys. Rev.,” Vol. X., No. 3, p. 244, Sept., 1917 
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that element, and consequently enables us to calculate the 
ionisation potential for it. We can, therefore, follow any one 
of three paths in determining the ionisation potential of an 
element, namely, (1) by determining the mmimum arcing 
potential for its vapour, (2) by using a special electrical 
method, such as that designed by Bergen Davis and Goucher, 
or (3) by determining for the element the wave lengths in its 
spectrum, which constitute the series v=(1-5, S)—(m, P). 
The first method, as will be seen later, is apt to lead us into 
error, for the conditions which should be fulfilled in experi- 
mentally determining minimum arcing potentials are not so 
well defined as was at first supposed. The second method 
can only be used with gases or with metals which can be 
vaporised at comparatively low temperatures. The third 
method is probably the one which admits of widest application. 
An attempt should therefore be made to identify the wave 
lengths of the series v=(1-5, S)—(m, P) in the spectra of as 
many of the elements as possible. Up till recently the series 
was known only for mercury, zinc, cadmium, magnesium, 
calcium and strontium. For many of the elements the 
series, or a majority of the membersof it, lies in the ultra violet 
or in the extreme ultra violet region of the spectrum, and 
consequently the investigation is fraught with some difficulty. 
If the requisite optical apparatus be available one method to 
follow is to use the Zeeman effect to identify the series. Another 
method which may be used is to take advantage of the pheno- 
menon of absorption. For the elements for which the series 
is known the wave lengths constituting the series y=(1-5, S) 
—(m, P) are strongly absorbed by the non-luminous vapour 
of these elements. It may be that this characteristic is funda- 
mental and a property of the elements generally. If it should 
turn out to be so the utilisation of absorption would appear 
to be the easiest method of spotting the series. Quite recently, 
in collaboration with Mr. J. F. T. Young,* I found the method 
applicable not only for calcium and strontium, but for barium 
as well. In the application of the method it was found that 
if a small quantity of the metal or of one of its salts were 
vaporised in a carbon arc, it was possible to obtain reversals 
with certain densities of vapour at only those wave lengths 
which constituted the »=(1-5, S)—(m, P) series. Reproduc- 
tions showing the results obtained are given in Figs. 12, 13 


* McLennan and Young. Communicated to the Royal Society, Oct., 1918. 
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and 14. In each set of reproductions (a) is the emission spec- 
trum of the metal taken with a Schumann plate, (b) is the 
absorption spectrum of the metal taken on a panchromatic 
plate, (c) is its absorption spectrum taken with a Schumann. 
plate, and (d) is the emission spectrum of the carbon arc alone. 

From these experiments the wave lengths of the series 
_v=(1-5, S)—(m, P) for barium are now known to be as follows : 

Bariwn., 

Series y=(1-5, S)—(m, P). 
Pei 2, 3 + 5 6 7 8 9 10 


MA.U.)= 5535 3275 2845 2597 2542 2498 2470 2455 2441 
y=10864:6 30554-4 35149-4 38502-1 39339-1 40032 40486 40733-2 40966-8 


The limiting frequency v=(1-5, S) for the series comes out 
by calculation to be 42006-85, and the corresponding shortest 
wave length of the series is given by 4=2380-56 A.U. This 
leads to an evaluation of the ionisation potential for barium, 
which has been deduced to be 5-21 volts. In passing, it may 
be noted that the discovery of the series y=(1-5, S)—(m, P) 
for barium has enabled us to calculate the wave lengths of the 
two series v=(2-5, S)—(m, P) and v=(3-5, S)—(m, P) as well 
for the same element. It has also led us to predict that the 
wave length corresponding to the frequency v=(1-:5, S) —(2, p.) 
is approximately A=7901-11 A.U. 

The recent experiments of Tate and Foote * point the way 
for a direct determination of the ionisation potentials of the 
vapours of magnesium, calcium, strontium and barium, and 
it will be interesting to see whether the experimental values 
so obtained for these vapours agree with the values calculable 
for them from the limiting frequencies of the singlet series 
v=(1-5, S)—(m, P) of their spectra. The ionisation potentials 
for the different elements, in so far as they appear to be known 
have been collated and are given in Table II. Table II. also 
contains the ionisation potentials for a number of simple and 
compound gases and vapours which have been determined 
experimentally by Hughes and Dixon. 


(V.) Low-voltage Arcs in Metallic Vapours. 


.In a Paper by Millikant and in one by Hebb} experiments 
are described in which arcs were established in mercury 
vapour bombarded by electrons when the P.D.s applied were 

* Tate and Foote, ‘‘ Phil. Mag.,” July, 1918, p. 64. 


+ Millikan, ‘‘ Phys. Rev.,” Vol. [X., No. 5, p. 378, 1917. 
t Hebb, ‘‘ Phys. Rev.,” Vol. IX., No. 5, p. 371, 1917. 
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TABLE [].—Jonisation Potentials. 


Element. Values determined by Calculated 
direct experiment.* values. f 
elit. 4 sa. eeeeeceaeleestonainee 20-5 volts. 29-3 volts. 
Ne On A.asidunteneonebescoeceaee ea Ceres — 
ATION was sac sence eres h sae 12-@. ., — 
Hydroceny -saccaeceeeaner 1T-O 5. — 
OxXyoen— NS. cecconeconeatienee 90 ,, — 
Nitrogen) iessccscsaedee tare Wor ee — 
Mercury. ycsccsscce ss oreenoree 0-4 ,, 10-45 volts. 
VA En RR or eo O25 — Bi 94 =~, 
OsdmMiumwt...0.o5.-eeteeeee 8-92 ,, 90 5, 
Magnesium . .. 5.0... e000 a 16D. 5», 
@aloiuins... sce. eee Ba fe — 6-12. ,; 
Strontiunt. <.22.2.:c:seseees — 70" ey 
Barium es shecseteeea ees — eg 521 a5 
Sodium... .cosswseeeeeee 5-13 volts ... Bes as 
Potassium stecn.acieesssenee 4} 45 4°32 5s 


* Aston, ‘‘ Proc.” Roy. Soc., June 14, 1907; Frank and Hertz, ‘“‘ Ber.” d 
Deut. Phys. Ges., Heft 2, p. 44, 1913; Bazzoni, ‘‘ Phil. Mag.,’ Nov., 1916 ; 
Tate, ‘‘ Phys, Rev.,” Vol. X., No. 1, p. 81, 1917; Bergen Davis and Goucher, 
‘““ Phys. Rev.,” Vol. X., No. 2, p.101,1917 Bishop, ‘‘ Phys. Rev.,”’ Vol. X., 
No. 3, p. 244, 1917; Wood and Okano, “‘ Phil. Mag.,”’ Sept., 1917, p. 177; 
Tate and Foote, ‘‘ Phil. Mag.,” p. 64, July, 1918. 


+ Bohr, ‘‘ Phil. Meg.,’ Vol. XXVIII., Feb., 1915; 


McLennan and. 


Henderson, ‘‘ Proc.’”’ Roy. Soc A, Vol. XCI., p. 485, 1915; McLennan, 
““ Proc.” Roy. Soc. A, Vol. XCIL, p. 305, 1916; McLennan, ‘“‘ Phys. Rev.,” 
Vol. X., No, 1, p. 84, 1917; Richardson and Bazzoni, ‘“‘ Phil. Mag.,”’ Oct., 
1917, p. 285; Tate and Foote, “ Phil. Mag.,” p. 64, July, 1918. 


TaBLE IL].—Jonisation Potentials by Hughes and Dixon.* 


Vapour or gas. 


Tonisation potentia4. 


FU 9 ~cacslas'e sabencnsithce saraenmnet tect nces arises eee 10-2 volts, 
OR Bei hesetcess kaa ee eee 4 i 
No Ue 
SSeeatrertecrr ener retry os Sacasn cn near oe58 Soames 
Chak seb tncanscseteonors eee eee eee 8-2 ,, 
IBY gs dus ee eicanees ce ee 10:0. <, 
A 3 EAR Ace ere the ee lat incB ccoeae near hes 102 ,,; 
5 CG) Bae ta eta sats Aeodecoces DSi as 
CO Aci aeete coe eee TPS 
CO piv cssien ci iseae eer eee Ree eee 10:0,%.%5 
INO easckgudtes eae ener eee 93S, 
OH, cics.ccslaqniteton Cee ee 95 ,, 
Ya ae Nn PERS he orsctiidocicskeoticce 10-0 ,, 
OSH Benassi seccucecs ct oe eee 9°9S., 
(Ol 5 Deere rere RUSE Sateen kao se sabome 9-9 


* Hughes and Dixon, ‘‘ Phys. Rev.,” Vol. X., No. 5, p. 495, 1917. 
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considerably less than those which the experiments of Bergen 
Davis and Goucher have indicated are requisite to accomplish 
the ionisation of mercury atoms. 

In particular, Millikan and Hebb found that under certain 
specified experimental conditions it was possible to cause 
arcs to strike in mercury vapour with applied P.D.s as low as 
‘4-7 volts. Moreover, they also found that arcs sv struck could 
be maintained in the vapour when the applied field was reduced 
to as low as 3-2 volts. Hebb also found that it was possible 
under certain circumstances to cause the vapour to radiate 
monochromatic light of wave length 2=2536-72 A.U. when 
the applied field in which the electrons were projected was as 
low as 2-5 vclts. As these results would appear to be in con- 
flict with what should be expected on the quantum theory, 
namely, that the ionisation potential is given by a 
where (1-5, S) is the frequency of the shortest wave length 
of the principal singlet series y=-(1-5, S)—(m, P), it was 
considered necessary that the experiments should be repeated 
and the results either confirmed or disproved. With a view 
to doing this some experiments were recently made for me 
by Mr. R. Hamer and Mr. F. W. Kemp * in the Physical 
Laboratory at Toronto. In these the vapours of cadmium 
and zinc, as well as that of mercury, were used, and the results 
obtained go to confirm the findings of Millikan and Hebb. 
The main results of the investigation are as follows :— 

i. It has been shcwn that increasing the temperature of 
the incandescent cathode lowers the voltage necessary to 
produce arcs in the vapours of mercury, zinc and cadmium. 

2. With limed platinum cathodes arcing voltages were not. 
obtained as low as with incandescent tungsten filaments. 

3. With highly heated incandescent cathodes it was found 
that with vapour of low density the arcing potentials were 
high. When the density of the vapour was increased the 
arcing potentials fall, and reached a minimum value at a 
certain density of the vapour. When the density of the 
vapour was still further increased the values of the arcing 
potentials rose again. 

4. The voltages necessary to maintain arcs in the vapours 
were found to be less than those which had to be applied 
in order to strike the arcs. 

* McLennan. Communicated to The Physical Society of London, 


Oct., 1918. 
C2 
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5. With mercury it was found possible to strike arcs with 


arcing potentials as low as 4-75 vclts, and to maintain them 


with an applied P.D. of 2-54 volts. With cadmium vapour 
aves were struck with impact voltages of 5 volts, and main- ff 


tained with P.D.s of 2 volts. To obtain these low-voltage ares 


-it was necessary to use intensely hot cathodes and a copious fj 


supply of highly heated metallic vapour. 

6. In many of the experiments it was noticed that when 
certain voltages near the minimum ones were applied, no 
arc appeared in the vapours forthwith, but arcs did finally 


strike when an interval of time of greater or shorter length 


was allowed to elapse. 
7. With moderately heated incandescent cathodes and a 
moderate supply of metallic vapour the arcing voltages 


with mercury, zinc, and cadmium vapours under elec- 


tronic bombardment were given by the quantum relation. 

(1-5,8)xh ; 
a where (1:5, S) is the frequency of the shortest 
wave length in the y=(15, S)—(m, P) series. 

8. In the experiments with cadmium vapour it was found 
to be possible to set up two types of arc in the vapour, the one 
being faint and the other brilliant. The line spectrum of the 
two types appeared to be the same in character, but different 


‘in intensity. Additions of P.D. in the applied field of not | 


more than a volt generally sufficed to enable one to pass from 
the faint to the brilliant type. With the brilliant arcs a 

continuous white light spectrum was superimposed upon the 
line spectrum. : 

9. Irregularities in the experimental results were in a 
measure removed when the metal being vaporised, was 
kept electrically connected to the positive terminal of the 
discharge tube. 


-(VI.) Discussion of Results. 


From the results of Bergen Davis and Goucher, combined 
with those of other investigators, it would appear to be 
generally agreed that with the vapours of such elements as 


mercury, zinc, cadmium and magnesium, for example, the 


actual ionisation potentials are given by Fes 
: e 


where (1-5, 8)is the frequency of the shortest wave length 
of the principal singlet series V = (1-5, S)—(m, P). The 


| 


| 
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ionisation potentials for the metals indicated are respectively 
10:45 volts, 9-4 volts, 9 volts and 7-65 volts. It is also certain 


_ that when ares are established in these vapours the atoms of 


the vapour of these clements are ionised. The experiments 
of Milhikan, Hebb, Hamer and Kemp also clearly show that 
with the vapours of mercury and cadmium it is possible to 
strike arcs by electronic bombardment with incandescent 


‘ cathodes when the applied impact voltages are as low as 4:75 


volts with mercury and 5 volts with cadmium. 

It is also evident that with mercury vapour arcs can be 
maintamed with impact voltages as low as 2-84 volts, and 
with cadmium vapour with impact voltages as low as 2 volts. 
In the case cf argon, Mackay and Fergusson * have also shown 


‘that with an incandescent tungsten cathode it is possible when 


the gas is carefully purified to maintain an are with potential 
deops a little less than 4 volts, and that with the gas at a pres- 
sure of 5cm. of mercury. This potential drop in the gas, it 
will be noted, is considerably less than the ionisation potential 
for argon, which is given by Frank and Hertz+ as 12 volts. 

The question then to be settled is, whence comes the energy 
requisite to produce ionisation in the case of these low-impact 
voltage stimulated arcs ? 

Among others, two explanations have been put forward 
the one by Millikan and Hebb,{ involving the principle of 
“ photo-electric radiation reaction,” and the other by Van der 
Bil,§ involving the principle of “ successive impacts.” 

According to the first mentioned explanation, we are to 
assume that with impact voltages of about 5 volts the kinetic: 
energy of the bombarding electrons is sufficient to stimulate. 
the vapour to the emission of the monochromatic radiation of 
frequency v=(1-5, S)—(2, p.), which for mercury is A=2536-72: 
A.U. and for cadmium is 1=3260-17A.U. This mono- 
chromatic radiation is then supposed to react upon the incan- 
descent cathode, and possibly, toc, upon condensed layers of 
the vapour which may be present on the walls cf the tube in 
the neighbourhood of the cathode, and sc bring about- the 
emission of electrons with initial speeds greater than those 
which the electrons would have from thermionic considera- 
tions alone. These highly speeded electrons would. then, 

* Mackay and Jergusor, “ Journ.” of the Franklin Institute, p. 209, 
: fe ner Hertz, ‘‘ Ber.” d. Deutsch. Phys. Ges., XV., p. 34, 1914. 


{ Millikan and Hebb, loe. cit. 
§ Van der Bijl, ‘“‘ Phys. Rev.,” Vol. XI., No. 3, p. 170, March, 1918. 
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after passing through the applied electric field, be able to 
stimulate radiation of still shorter wave lengths than that 
of frequency v=(1-5, S)—(2, p.), and this would in turn 
react upon the incandescent cathode and again cause the emis- 
sion of electrons with still higher initial speeds. The result 
of the application of this principle, if it is a valid one,would 
be that in any case of radiation stimulated by electronic 
bombardment whenever impact voltages were applied, which 
would suffice to stimulate the radiation of frequency 
»=(1-5, S)—(2, p,) all the conditions would be existent for 
the production of the many lined spectrum. There could be 
on this theory no such thing as a vapour under any conditions 
of density and temperature emitting a radiation consisting of 
one wave length and one wave length only. Again, according 
to the principle of “ successive impacts ” invoked by Van der 
Bijl, we are to suppose that the same atom can be successively 
bombarded by different electrons, and that as a result of 
these successive bombardments the atom ultimately becomes 
ionised. Van der Bijl adheres to the Bohr theory of the 
origin of radiation and supposes that although each bom- 
barding electron may not possess sufficient kinetic energy to 
ionise an atom by itself, still, at each impact, the bombarding 
electron may be able to impart sufficient energy to the atom 
struck to cause one or more electrons of its system to be 
projected into a stationary atomic orbit with a larger radius 
than the one it was in before the atom struck. The potential 
energy of a bombarded atom would thus increase by stages 
under multiple impacts, and this would go on until ionisation 
occurred. 

With the atoms ionised it would follow that the vapour 
was in the condition to emit radiation corresponding to the 
many lined spectrum. It will be seen, therefore, that the 
hypothesis of the principle of “ successive impacts ” also leads 
to the view that the radiation from a vapour when bombarded 
by electrons, be the density of the vapour high or low, cannot 
be monochromatic, but must be such as to give the many 
lined spectrum. : 

Another view to take of the matter is to suppose that the 
distribution of velocities among the electrons emitted by an 
intensely hot tungsten filament is such that a considerable 
number of these have initial velocities corresponding to 
potential falls of from 5 to 6 volts. If this be so it is not 
necessary to assume either the hypothesis of “radiation 
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reaction” or that of “ successive impacts,” for with applied 
fields of about 5 volts, the high-speed electrons mentioned 
above will, in the applied field, acquire sufficient kinetic 
energy to ionise the vapour. This view also leads, it will be 
seen, to the result that a vapour bombarded by such streams 
_of electrons must emit a radiation which can not be mono- 
chromatic, but must be one which will produce the many 
lined spectrum. 

As the distribution of velocities indicated above will depend 
only upon the temperature of the tungsten filamental cathode, 
it follows that even with very low densities the vapour bom- 
barded must emit a panchromatic radiation. 

All three hypotheses, therefore, lead to the same result, 
namely, that it is impossible to stimulate a vapour by elec- 
tronic bombardment to the emission of a radiation of one 
particular wave length. This result would appear then 
to be in direct contradiction to the experimental results of 
McLennan and Henderson, McLennan and Ireton, Bergen 
Davis and Goucher, Tate and others who found that with 
vapour bombarded by streams of electrons of moderate 
density it was possible by using suitable impact voltages to 
obtain radiation from the vapour which registered on the 
photographic plates, even with hours of exposure, only a 
single wave length. The contradiction may turn out, how- 
ever, to be only apparent, for it may well be that while the 
average or mean speed of the electrons bombarding the vapour 
may suffice to bring out a radiation of one wave length with 
comparatively strong intensity the number of electrons 
possessing velocities higher than the mean falls off so rapidly 
with the higher speeds that, under the ordinary conditions 
which obtain, the amount of energy associated with the 
radiations of wave length shorter than the first one is too 
excessively small to be detected photo-electrically or photo- 
graphically. The effects of absorption also come in, and add 
to the difficulty of obtaining indications of the presence of the 
shorter wave lengths. This view would fit in both with the 
results of Bergen Davis and Goucher with mercury vapour, 
as well as with those of McLennan and Ireton with zinc and 
cadmium vapours, in which it was found that with certain 
applied voltages given by the quantum relation it was pos- 
sible to register an emission of radiation of one wave length 
only from the vapour bombarded and by gradually increasing 
the impact voltages to bring out a second radiation of a shorter 
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wave length which again corresponded to the quantum rela- 
tion. To account for this result it is only necessary to sup- 
pose that by far the greater number of electrons leave the 
incandescent cathode with zero initial velocities. All the 
recent experimental work on the production of characteristic 
radiations from metals bombarded in a vacuum by electrons 
points to the accuracy of this view, for it has been definitely 
shown that a given characteristic radiation is given out only 
when the impact voltages of the electrons reach the value 
given by the quantum relation for this particular radiation. 
Richardson’s theory of the thermionic emission of electrons 
makes it abundantly clear that while the great majority of the 
electrons may leave an incandescent filament with very srvall 
velocities still certain percentages will be emitted with velocities 
ranging practically to infinity. The fractions possessing the 
higher velocities are, however, necessarily small. Various 
estimates have been formed of the average speed of emission 
of the electrons from an incandescent filament. Among 
others, Richardson and Brown * place the average ve'ocity 
of emission of electrons from an incandescent platinum fila- 
ment at 0-6 volt, and from a limed platinum filament at 1-2 
volts. Wood and Okano f give 0-4 volt as the average velocity 
with which electrons leave an incandescent tungsten wire, 
but Tate and Foote { point out that one explanation of their 
results requires the average velocity of emission to be 1-6 
volts. Both Wood and Okano and Tate and Foote have 
expressed the view that an appreciable fraction of the elec- 
trons are emitted with velocities still higher than the equiva- 
lent of 1-6 volts potential drop. Hebb § suggests 2 to 3 volts 
as possibly representing under certain circumstances the velo- 
city of electronic emission. It seems legitimate then to 
assume that while the most important of the effects produced 
by the electronic bombardment of a vapour may demand a 
zero initial velocity for the electronic emission from an incan- 
descent cathode still it is conceivable that other effects of a less 
pronounced character may be brought into evidence under 
special conditions which indicate that an appreciable fraction 
of the electrons emitted from a highly heated incandescent 
tungsten filament may leave it with very considerable initial 


* Richardson and Brown, “ Phil. Mag.,” Vol. XVI., 1908. 
t Wood and Okano, “ Phil. Mag.,” Sept., 1917. 

} Tate and Foote, ‘‘ Phil. Mag.,” July, 1918. 

§ Hebb, “ Phys. Rev.,”” May, 1917. 
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velocities. Take, for example, the case of mercury and 
cadmium vapours stimulated under electronic bombard- 
ment to the emission of a radiation giving their many lined 
spectra when impact fields as low as 5 volts were used. Here 
it is only necessary to assume that small but appreciable 
fractions of the bombarding electrons possess initial ther- 
mionic velocities as high as the equivalent of about 5 volts. 
That this is conceivable would seem to be warranted by the 
evidence adduced above. 

For the stimulation of a vapour to the emission of pan- 
chromatic radiation by electronic bombardment with low 
impact voltages without the production of so-called arcs in 
the vapour, the requisite conditions would appear to em- 
brace the use of vapours of comparatively high density and 
the use of intensely dense streams of electrons from an 
extremely hot incandescent cathode. These, it will be 
recalled, are exactly the conditions which applied in the 
experiments o- Kemp, in which he obtained with low fields 
the many lined spectrum from cadmium vapour without 
any trace of the presence in the background of a white 
light spectrum, and with a marked absence of the great 
brillianey which usually characterises the lime spectrum of 
an arc. 

The argument which has been developed above leads, it 
will be seen, to the view that the emission from a vapour 
bombarded by electrons of a radiation consisting of the 
wave lengths which make up its line spectrum does not neces- 
sarily connote the simultaneous existence of a so-called arc 
in the vapour. As actual arcs can be struck in metallic 
vapours bombarded by electrons with low-impact voltage 
fields it is necessary, however, in order to explain their produc- 
tion, to invoke the agency of factors other than the streams 
of electrons which owe their existence to thermionic emission 
from the incandescent cathode. ‘These latter, it will be seen, 
suffice on the view presented to produce, in conjunction with 
low fields, ionisation in the vapour and the consequent emis- 
sion of a radiation giving the many lined spectrum, but for 
the production of arcs as they are ordinarily observed, we 
must look in another direction for an additional supply of 
electrons. A possible source of such a supply is afforded by 
the presence in the vapour of positive ions formed by the 
primary thermionically emitted electrons when these are 
accelerated in the applied field. 
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With an applied field of about 5 volts it would be impos- 
sible to give these positive ions sufficient kinetic energy to 
ionise the atoms of mercury vapour, for example, assuming 
the ionisation potential of the latter to be 10-4 volts. It is 
conceivable, however, that they could acquire sufficient 
kinetic energy in the electric field to produce when impinging 
upon the incandescent cathode an emission of electrons from 
the latter with initial velocities so high that on passing through 
the electric field they acquired additional kinetic energy 
sufficient to bring about ionisation of the vapour. If the 
quantum relation applied to this hypothetical emission of 
electrons from the cathode under bombardment by the posi- 
tive ions the highest mean initial kinetic energy that the 
emitted electrons could have would be that represented by a 
potential fall of about 5 volts. Consequently, the highest 
kinetic energy that these electrons could acquire in passing 
through the electric field would be that corresponding to 
about 10 volts, which is practically the ionisation potential of 
mercury atoms. If, then, the positive ions are to be con- 
sidered as playing a main réle in the production of arcs in 
vapours bombarded by thermionically emitted electrons it is 
evident that one could not hope to strike arcs in these vapours 
with applied impact voltages smaller in magnitude than one- 
half the value of the ionisation potentials of these vapours. 
As the ionisation potentials for mercury vapour and for 
cadmium vapour are probably 10-4 volts and 9-4 volts respec- 
tively, and as it was found that the lowest impact. voltages 
with which ares could be struck in these vapours were 
respectively 4-75 and 5 volts, this result would seem to indi- 
cate that the positive ions do play an important part, in the 
manner Indicated, in bringing about the establishment of the 
arcs. The explanation of the fact that arcs when once struck 
in a vapour can be maintained with lower applied fields than 
the minimum ones which are requisite to cause the arcs to 
strike, 1s not altogether clear. This phenomenon, however, 
is not confined to vapours alone, since it is known to charac- 
terise arc discharges in gases generally. Factors such as 
thermionic emission from the hot gases or vapours, thermal 
molecular agitation, and possibly chemical action as well, 
may have a bearing on the matter. It is to be remembered, 
too, that when once an arc has been established in a vapour 
or In a gas, the molecules are no longer in their normal state. 
Consequently, the considerations which apply in dealing with 
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the question of the maintenance of arcs may be quite different 
from those which apply in an explanation of their initial 
production. 


(VIL.) General Results. 


Among the general results which appear to emerge as un- 
assailable from the investigations dealt with in the present 
communication is the view that the ionisation potential is a 
definite and determinate magnitude, varying with and charac- 
terisng each particular type of atom. It would also 
appear that, while this magnitude may be determined experi- 
mentally for each element, provided the requisite physical 
conditions can be realised, it can also probably be deduced 
by the quantum theory from a knowledge of the value of the 
frequency v=(1-5, S) of the shortest wave length in the prin- 
cipal singlet series v=(1-5, S)—(m, P) of the spectrum of the 
element. It would also appear to be established that it is 
possible to cause a vapour bombarded in a vacuum by elec- 
trons to emit a radiation consisting of one wave length and 
one wave length only, provided all the bombarding electrons 
possess kinetic energy given by the quantum relation Ve=hy, 
v being the frequency of the monochromatic radiation stimu- 
lated ; moreover, it would appear that by gradually increasing 
the speed of the bombarding electrons the vapour may be caused 
to emit at successive stages radiation of shorter and shorter 
wave lengths, each particular wave length being stimulated 
nly when the bombarding electrons have attained velocities 
corresponding to its frequency as indicated by the quantum 
relation. All apparent departures from this view obtained in 
any experiments would appear to be explainable when account 
is taken of the fact that a Maxwellian distribution of velocities 
holds for streams of electrons thermionically emitted by 
incandescent metallic filaments. 


(VIIL) Infra red Stumulation and Two Type Lonisation 
Potentials. 


The inquiry into the origin of radiation described above 
has recently been given as impetus in another direction by 
‘some results obtained in the infra red region of the spectrum by 
one of my students, Mr. R. C. Dearle,* at Toronto. In 1915 
attention was specially drawn in a Paper by McLennan and 


* Dearle ,‘‘ Roy. Soc.,” A., Vol. XCIL., p. 608, 1915. 
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Dearle * to the importance of the wave length = 10140 AU. 
in the spectrum of mercury. This wave length, which 1s just 
four times the wave length of 4=2536-72 A.U., is the first 
member of the series v=(2-5, S)—(m, P), and possesses the 
greatest amount of energy of all the wave lengths in the 
radiation emitted by the mercury arc. It has been shown by 
Dearle, moreover, to be readily absorbed by ordinary non- 
luminous mercury vapour even when the density of the latter 
is very low. Quite recently Dearle + has also shown that 
mercury vapour bombarded by electrons can be made to emit 
radiation of wave-length 4=10140 A.U. when impact voltages 
as low as 5 volts are used. The quantum relation requires an 
impact voltage of 1-26 volts for the stimulation of this wave 
length, and it would be interesting to see if the vapour can be 
made to emit radiation of wave length 4=10140 by using an 
impact voltage of this amount. 

The investigation is, however, one of great difficulty, In 
order to get over troubles arising from absorption, the vapour 
pressure of the mercury must be very low, and when vapours of 
low density are used the intensity of the radiation emitted is 
consequently feeble. With linear thermopiles of the most 
sensitive type and a Paschen galvanometer, such as Dearle 
used, it is difficult to make definite and satisfactory measure- 
ments when the radiation investigated becomes very feeble in 
intensity. As far as Dearle’s experiments take us, however, 
they lend some support to the view that the quantum relation 
will give the requisite voltage for the stimulation from mercury 
vapour of an emission of the radiation 2=10140 A.U., just as 
it has been found to apply to the stimulation of radiation 
consisting of single line, double line or many line spectra 
from the vapours of mercury, zinc, cadmium and magnesium 
under the experimental conditions already specified. If it 
should turn out to be true that mercury vapour in its ordinar 
condition can be made to emit the radiation 2=10140 A.U., 
under bombardment by electrons possessing kinetic energy 
corresponding a P.D. of 1-26 volts, there is suggested the 
possibility of stimulating the vapour, by increasing the 
impact voltages, to the emission of radiation consisting of 
the wave lengths constituting the higher members of the series 
v=(2-5, S)—(m, P), of which 1=10140 A.U. is the first 


* MeLonnan and Dearie. “ Phil. Mac. 7 Viol xoxox p. 683, 1915. 
+ Dearle. Communicated to The Royal Society, Oct., 1918. 
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member. This, in turn, suggests the possibility of there being 
a new type of ionisation potential for mezcury atoms corre- 
sponding to the frequency v=(2-5, 8). Cn evaluating this 
ionisation potential by the quantum relation, it comes out 
as approximately 2-5 volts, which is just about one-quarter 
of the accepted value of the ordinary type of ionisation 
potential for mercury. What bearing Deaile’s results may 
have on the views presented in this Paper is not as yet clear, 
but it is evident that they open up a line of attack for still 
further extending our knowledge of the origin of radiation, 
and possibly, too, of adding to what we know at present of 
atomic structure. 
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1.—Low-voltage Arcs in Metallic Vapours. By Prof. J. C. 
McLennan, F.R.S. 


RECEIVED OcToBER 21, 1918. 


J. LytrRopuction. 


In a Paper by Millikan* and in one by Hebbj experiments 
are described in which arcs were established in mercury vapour 
bombarded by electrons when the P.D.s applied were con- 
siderably less than those which the experiments of Bergen 
Davis and Goucher? have indicated are requisite to accom- 
plish the ionisation of mercury atoms. 

In particular Millikan and Hebb found that under certain 
specified experimental conditions it was possible to cause arcs 
to be struck in mercury vapour with applied P.D.s as low as 
4-7 volts. Moreover, they also found that arcs so struck 
could be maintained im the vapour when the applied field 
was reduced to as low as 3-2 volts. Hebb also found that it 
was possible, under certain conditions, to cause the mercury 
vapour to radiate out light of wave length 1=2536-72 A.U., 
when the applied field in which the electrons were projected 
was as low as 2-5 volts. As these results would appear to be 
in conflict with what should be expected on the basis of the 
quantum theory, namely, that the ionisation potential is 
given by ro = e) u where (1-5, S) is the frequency of 
the shortest wave length in the principal singlet series 
v=(1-5, S)—(m, P), it was considered necessary that the 
experiments should be repeated and the results either confirmed 
or disproved. 

With a view to doing this, some experiments were recently 
made for me by Mr. R. Harmer and Mr. F. W. Kemp in the 
Physical Laboratory at Toronto. 

In these the vapours of cadmium and zinc, as well as that 
of mercury, were used, and the results obtained go to confirm 


the findings of Millikan and of Hebb. An account of the 
experiments follows. 


* Millikan, “ Phys. Rev.,” Vol. [X., No. 5, p. 378, 1917, 
+ Hebb, “ Phys. Rev.,” Vol. 1X., No. 5, p. 371, 1917. 
t Bergen Davis and Goucher, “ Phys. Rev.,” Vol. X., No. 2, 1917. 
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II. ExpertmMents By R. Harmer. 


(a) Discharge Tubes. 

In the course of these experiments it was found that the 
potentials necessary for producing arcs in mercury vapour 
varied capriciously and irregularly with changes in the tem- 
perature of the incandescent cathodes with changes in the 
density and temperature of the mercury and with changes 
in other factors not specially under control. It was decided to 
clear up these difficulties, if possible, and various modifications 
were made in the arrangement and form of the different parts 
of the discharge tube. 

The form of tube which ultimately gave regular uniform 
and concordant results is that shown in Fig. 1. 


Fig. 1. 


The tube itself was made of fused quartz. C was an incan- 
descent cathode and B the heating battery. PC and NC 
were leading-in wires. A was the impact voltage battery. 
The positive terminal HF was an insulated iron wire ter- 
minated by an iron ring D, whose plane was at right angles 
to the axis of the discharge tube. A short chain with iron 
links kept the ring in electrical connection with the mercury 
in the reservoir of the discharge tube. This latter arrangement, 
it was found, contributed very definitely to obtaining regu- 
larity in the results. As shown in Fig. 1, N and P were 
respectively the negative and positive terminals of the heating 
battery. The negative terminal of the “impact voltage ”’ 
battery was connected to N, and the positive terminal to E. 
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Readings on a standard Weston voltmeter W.V. joined up be- 
tween M and N, gave values which were taken as the “ impact 
voltage ” between the ring S and the cathode C. With the 
arrangement shown it will be seen that these readings repre- 
sented the maximum impact voltages present in the tube, 
including the potential fall in the incandescent cathode itself. 
The leading-in wires BE, F, NC and PC, were stout, and had 
practically a negligible resistance. 


(Lb) Density and Temperature of the Mercury Vapour. 


With the incandescent cathode, whether simply a tungsten 
wire or a limed platinum strip kept with a definite and fixed 
heating current passing through it, it was found that as the 
density of the vapour increased, and possibly also the tem- 
perature, the applied voltages necessary to establish arcs 
gradually fell. 

In one particular set of experiments in which a limed 
' platinum strip cathode was used the reservoir R was about 
half filled with mercury. The cathode was then made incan- 
descent, and the mercury was gently heated with the hot gases 
from a Bunsen burner placed near R. The potential required 
to produce an arc under these circumstances was 17-6 volts. 
The Bunsen burner was then placed so that its flame was 
directly in contact with R, and the mercury was made to boil. 
Under these circumstances the arcing potential fell to 10-2 
volts. 

The burner was then removed and the mercury allowed to 
cool. After about 1} minutes a series of arcing potentials 
was begun, and readings were taken at intervals. This series, 
which began at 14-2 volts, showed that as the mercury cooled 
the P.D. necessary to produce ares gradually rose to as high as 
23°8 volts. With the last-mentioned voltage the mercury 
in R was quite cool. The record of results is given in Table I. 

These results, which are typical of many others which were 
obtained, show that the density of the vapour, and possibly 
also the temperature of it, had much to do with the lowering of 
the arcing potential. As the tungsten filament was intensely 
bright in the experiments IITI., and as the reservoir of mercury 
was some 6 cm. or 7 cm. below the filament, it is not considered 
that the heat from the flame affected to any appreciable extent 
the temperature of the filament. It should also be noted 
that no fluorescence of the mercury vapour was visually 
observed during the heating of the mercury. 
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TaB_eE [. 
LI. Platunum-limed Cathode. 


State of mercury, Arcing potential 


_ in volts. 
Mercury warmed with hot gases .............cecescececnseseees 17°6 
MGTCUEVARODUET (ic: ce.ccn.seek Noes cseeesetssvses'eate-egeeteecce ete ces 17°0 
Flame in contact with reservoir ............ccceceecesee see ereeee 10°27 
10°26 
10°26 
10°26 
Mercury left to cool for 14 minutes  .................eeee eee ees 14°2 
Mercury gradually cooling .. EAU RO NEO TOS HAO CO COOGEE OCS a, bullet Ba) 
16°3 
170 
Me () 
188 
19°3 
19-6 
20°6 
21-4 
22°0 
22°6 — 
Mercury, quite-cool toad 2. circ cs.ccussisoetoacsesanirrsnecses ves 23°8 
II. Tungsten Filament. 
Heating current. Are struck at 
AS DIPOLES Bae eesraceetunelsne fosivele sa riseat peltcwiettanemesans 7-6 volts. 
MUN Bode seahttare ance ts but cettiessaeessseren ce etaesestas 94 55 
SUMMERS Eeee oon orc ies Sana hdest cee Sum asetbers eases OO Tess 
SELMA aide sls torsos cece Ae aeaboasain kutrasesaeeae evens 9:92 55 
BON Ue Caled tect ot fens se Suce nats aeinsmio a asjecionas tates ne coe 10:2. 
SBP abeldeiacisen ch wea uclamelgsewe oSmequeseree es cic steals sale Osler e 10-44, 
By Sak MRSA RSS Conaa pee sceanerodéce ea ies apenanccneberade 106 —Ss,, 
Ais) RRL am BGR CSAS Neen Sok Baa Cone Ome cOM SBR GROrS 10-64 ,, 


RemMarKs.—Mercury at first made very hot, and Bunsen burner was then 
removed, and mercury allowed to cool gradually. 


Ili. Tungsten Filament Cathede Carrying 14:4 Amperes. 


Atcing potentia! 
State of mercury. Be colian 
Mercury hot, flame low, no bubbling ................0..2..0+8 88 
Mercury hotter, flame higher, mercury still not bubbling 72 
Mercury much hotter, and bubbling...............cseesee eens 62 


(c) Results. 


The series of results given in (6) shows that the arcing 
potentials which were obtained when a tungsten filament was 
used were much lower than those obtained with a platinum 
cathode. This result was invariably obtained. It may have 
been due to the fact that it was not found possible to heat the 
platinum to as high a temperature as the tungsten. This 
would probably result in the volume and average speed of the 
streams of electrons from the cathode being greater with the 
tungsten filaments than they were when the platinum strips 

VOL, XXX], D 
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were used. In all the experiments, unless specially mentioned 
otherwise, tungsten wire 15 mils in diameter was used. In the 
case of platinum the cathode was made of a narrow strip of 
thin sheet metal. 

(d) Temperature of the Incandescent Cathode. 

In all the experiments it was found that whether the mercury 
vapour was dense or rare, the arcing potentials always decreased 
as the temperature of the cathode was raised. This again 
may have been due to a consequent increase in the volume 
and average speed of the streams of electrons ejected. The 
following examples serve to illustrate the point :— 


TABLE IT. 
I. Tungsten Filament. 


; Arcing Heating 
State of mercury. potential | current, Remarks. 
in volts. amps. 
Mercury quite hot and sur- ; y fee 

iedeoatibeaaligaaiteted \ 57 14-0 |Filament very brilliant. 
DiGbO pet ences tae enters 5-4 13-9 |Pilament brilliant. 
Ditty ety oon wn: 52 13-2 ‘ preening nti 
Dithomeeensmeccietrasceatces 6-15 12:25 | Filament bright. 
Ditbortercucasentueteus ee ssas 6-6 11-1 |Filament red. 
DIGG O Ma coe eieccreesecen stint T5 10-1 |Filament still-red. 
ENGL Geter deo coool Nec are even 8:5 |Wilament dull red. 

at 23-4 volts 


II. Tungsten Filament. 


Areing Heating 
State of mercury. potential | current. Remarks. 
in volts. amps. 
Mercury warm, but surface Filament very bright and 
not agitated oes 10-8 a { glowing. ee 
BHO aoe scab e cost Si eoke 13-6 11:0 |Filament incandescent. 
JO SRLON eRe Ones ahetne eA Bae 20-0 9-7 |Filament bright. 
DIbbOM st acto tncustte tense None at 24-0 9-2 


Filament red. 


III. Tungsten Filament. 


State of mercury. 


Arcing 
potential 
In volts, 


Mercury hot and surface 
BEALE CD Pome eslcach coe pec 
Mercury very hot and sur. 


face extremely agitated. 


} 


-—-—-_-- eee 


current, 
amps. 


Heating | 
i 


Filament very bright. 


DY 


y4 


Filament extremely 


i bright. 


7. 


{ 
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(e) Arcing Voltages and Potentials Requisite to Maintain Arcs. 


Tm all the experiments it was observed that the voltage 
required to make the are strike was generally higher than the 
P.D. necessary to maintain the arc. The establishment of 
the are for a given applied voltage was always immediately 
accompanied by a drop of greater or lesser magnitude in the 
_ potential between the two electrodes of the discharge tube. 
When this occurred it was possible to lower the potential be- 
tween the electrodes still farther without the arc beg ex- 
tinguished. In these regards the phenomena of the arc were 
exactly the same as those which are known to characterise 
electric discharge in gases at low pressures produced by 
applying a gradually increasing P.D. to the terminals of a 
discharge tube. The following are illustrations of this effect :— 


TasuE IIT. 
I. Tungsten Filament. 


Mercury quite hot and agitated. 


Heating current. Are struck at Are extinguished at 
Amps. Volts. Volts. 
14:0 5:7 3-64 
13-9 5-4 3-4 
13-2 5-2 3-4 
12-25 | 6-15 3-7 
Lil 6-6 5-0 
10-1 | 7-5 7-2 


Il. Piatinum Limed Cathode. 


Heating Are Arc Rewiark 
current. struck at extinguished at Paes 
Amps. | Volts. - Volts. 
i / ; : Mercury hot, but not 
8) Os NTE 14-6 { Here a 
ne 10-26 9-0 Mercury very hot. 
op 14-2 13-8 Mercury cooling. 
29 17-9 17-5 2° ” 
80 { 21-4 20-8 ”? ” 
ua | 22:0 21-5 sy 5A 
29 | 22°6 21-8 2? ” 
23-8 - 22-6 2 ” 


36 PROF. J. C. MCLENNAN ON 


Iii. Tungsten Filament. 


Heating Are Are ie 
current. struck at extinguished at Remarks 
Amps. Volts. Volts. ; ; 
; : 9-0 f | ¥ilamont bright, mercury 
9°3 it (| very hot. 
: f Filament less bright, 
9-1 18-1 17-1 ul mercury cooler. 
14-4 8-8 4-5 | Mercury hot, ne pape 
Mercury hot, surface not 
vee ee a8 { ‘agitated. : 
A ae ||Mercury very hot and 
14-4 6-2 3°75 i| bubbling. 
17-5 5:5 4-7 Mercury extremely hot. 


1V. Tungsten Filament. 


f 
Heatin Are Are ; | 
pacers: struck-at extinguished at Remarks. 
oe Ds ENN Mee oe ee ERE es | 
Amps. Volts. ~ Volts. Filament glowing. 
14 76 6:5 Mercury strongly heated 
9-4 8-7 at first, and then al- | 
9-67 9-35 lowed to cool slowly. 
9-92 9-74 
10-2 9-94 
10-44 10-28 
10-6 10-4 
10-64 10-45 


(/) Minimum Arcing Potentials. 


From the results given above it is clear that the conditions 
which determined the establishment of the arc are somewhat 
complex. The general effect, however, of some of the main 
factors involved is evident. High temperature filaments and 
highly heated mercury were the factors which led to the lowest 
arcing voltages. 

In a special experiment in which the cathode was a 10 mil 
tungsten wire heated almost to the melting point a series of 
results was obtained with the mercury strongly heated. 
These gave the lowest arcing potentials observed. In record- 
ing the readings sufficient time was allowed to elapse 
before taking each set in order to make certain that the 


vapour Was under normal conditions. The readings are given 
in Table IV. | ‘ 
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Tasre IV. 
Are struck at Are extinguished at 
AOEV OLS aac? es ase oc rete icecidas sudseet oboe ateneaeeee ns 3°4 volts. 
OG Min MMR rs Wa ceens Ses ciototaniesiceins Nas aueaeeattebec accee ees 3°25, 
CaS <5, OL codphoeeScsacann Sdn Sand ecser Rantoamaarecresctcroch 2:86 55 
SSO Mya tiene sc secsos es saacciecnss recess esasecitaa ss erereaneeneres 2°84, 
OW egy e tees osatier segs) wea sc aitaivessucwedesvalereceter ere tes Paneth ys 
SOME as wrt aac ele emu ah secu wots Sevlecoeeceesadede ueaceemawens C745) | tn 


From these results it will be seen that the lowest voltage 
at which it was found possible to strike the arc in mercury 
was 4-75 volts. The lowest P.D. which sufficed to maintain 
such an are when once struck was 2-84 volts. These results are 
m good agreement with those obtained by Hebb, who found, 
as stated above, that under certain conditions arcs in mer- 
cury vapour could be struck with impact voltages of 4-7 
volts, and maintained with applied P.D.s down to 3-2 volts. 

It should be pointed out that in all the experiments de- 
scribed the distance between the edge of the positive 
ring electrode and the imcandescent filament was about 
1-5 cm. 

Throughout the experiments small variations of 2 mm. or 
3mm. in this distance did not appear to change the arcing 
voltages. It would have been interesting to see if variations 
in the electrode distance of a somewhat greater amount 
produced any effect on the results. This point, however, 
was not specifically examined. 


III. Experiments By F. W. Kemp. 
I. Arcing Potentials in Zine and Cadmium Vapours. 


(a) General Conditions. 

In the first of these experiments the conditions governing 
the establishment of arcs in zinc and in cadmium vapour 
were studied. The form of discharge tube used is shown in 
Fig. 2, and was the same as that used by McLennan and 
Henderson.* The streams of bombarding electrons were of 
moderate intensity. Three quartz tubes were fused to a 
central receptacle C to forma TY. At A and EH the electrodes 
B and D were introduced through ebonite plugs, sealed in the 
ends of the tube with wax. At the end of the third branch a 
ground joint @ was fitted with a glass tube. Into the glass tube 
were sealed two stout low-resistance wires, H and K, leading to 
the filament F. F, Band D each just reached to the edge of 


* McLennan and Henderson, ‘‘ Proc.” Roy.-Sec., A., Vol. XCL, p. 485. 
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the receptacle C, in which was placed the metal to be studied. 
Through the ebonite plug at Z a tube was connected to an air 
pump. During all the experiments the apparatus was kept 
highly exhausted. & and D were externally connected, thus 
F and D constituted a double cathode with B as the anode. 
B and D were made from rods of the metal whose vapour was 
being studied. ‘he filament / was heated by an alternating 
current, and the metal in C was melted with a gas burner. 
A direct current P.D. was applied between B and D. 


Fie. 2. 


With the filament, which was a 10 mil tungsten wire at a 
bright red or white heat and the metal boiling, it was found 
that the arc in both zinc and cadmium vapours would strike 
at between 10 and 12 volts. It would persist to a lower 
voltage, though with certain densities the striking and breaking 
voltages were more nearly equal than with others. With 
the vapour either very dense or very rare the difference was 
large. The least difference seemed to come with densities 
corresponding to a temperature slightly below the boiling point 


. . to) 
of the metal. This density also gave the lowest values for the 
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arcing potential. If the flame were removed from the recep- 
tacle C the arcing potential lowered a little as the metal cooled 
and then went up quite rapidly. 

Also, as the supply of metal in the receptacle became low, 
the arcing potential went up. Below are some values taken 
_ consecutively just as the last few drops of molten metal boiled 
away : 

TABLE V. 


Zine. Cadmium, 


——. 


Current in filament. 


Arcing potential |(‘urrent in filament.) Arcing potential. 


Amps. | Volts. | Volts. Amps. | Volts, Volts. 
oe 3-0 10-7 9-25 | 3:3 10:3 
16-0 oa 3:3 10-8 


16-8 11-0 


It could not be stated definitely whether this rise was due 
to a variation in the temperature or in the density of the 
vapour, as the form of apparatus did not lend itself to the 
separation of these factors. It was probably, however, a 
density effect. 

In both zinc and cadmium vapours two types of arc were 
observed. At a certain applied voltage the arc spectrum 
could just be seen in the spectroscope. By increasing the 
voltage it became brighter, but when a certain voltage was 
reached there was a very abrupt increase in brilliance, though 
no new lines were observed. This brilliant arc was never 
observed except with very dense vapour. With zinc this 
_ Jump in brilliance occurred at a potential 0-7 to 1 volt higher 
than the lowest applied voltage at which the arc could be 
seen. With cadmium the difference was 0-5 to 1-2 volts. If 
the vapour were not so dense the brilliant are could not be 
produced with 25 volts. 


(b) Effect of Rise in Temperature of Cathode. — 


The temperature of the tungsten wire cathode was a large 
factor in altering the magnitude of the arcing potential. It 
this wire were not white hot no brilliant arc was obtained. 
The minimum arcing potential decreased as heavier currents 
were passed through the filament. This variation could be 
observed more closely than that due to vapour density or tem- 
perature. The two accompanying curves, Figs. 3 and 4, 
illustrate the effect of changing the temperature of the hot 


40 PROF. J. C. MCLENNAN ON 


cathode. The minimum arcing potential was plotted against 
the current through the filament cathode, which may be taken 
to represent approximately the temperature of the latter. 
_ The values plotted in Figs. 3 and 4 are given in Table VI. 


~ 


Arcing Voltage. 


cx TABLE VI. 
Sains eS 
ke es Cadmium. 
eine TuEOUE Minimum arcing | Current through | Minimum arcing 
ament. potential. filament. potential. § 
Amps, Volts basins ae Am ay, 
8. y: é Volts. 
6-75 16:3 715 15-9 
a 14:0 7-4 14-2 
oa 12-9 7:65 13-1 
aie List 8-0 12-1 
; 10°7 a9 11-6 
8-6 10:6 8-2 11:3 
8-15 11-2 
8-6 10-7 
8-6 LO-4 
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4l 


The effect of variation in the temperature of the filament was 
shown in another way. A certain potential was applied which 


was not sufficient to bring on the arc. 


Arcing Voltage 
— 


8-5 


Amperes. 
Hig. 4. 


The temperature of the 


cathode was then raised, and the heating current noted as the 


arc became visible. 


This, however, lacked the precision that 


accompanied the former method, but as illustrative of the 
phenomenon the results are given :— 


TaBLE VIT. 


impact 

_ voltage. 
Volts. 
10-2 
10:3 
11-1 
10-4 
11-2 


Zinc. 


Fixed applied {Minimum current 


in filament 
when arc struck. 


Cadmium. 

Fixed applied Min. current 
impact in filament 
voltage. when arc struck. 

Volts. Amps. 
10-1 8-5 
10-4 8-25 
10°6 7-95 
11-6 79 
12-0 78 
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As seen from Table VIL., the minimum arcing potential was 
different under different conditions. There were, however, 
values below which with this type of apparatus the arcs 
would not strike. These values approximated very closely 
to the values calculated from the quantum hypothesis, though 
experiments to be described later will show that these were 
not the lowest values of the arcing potentials obtainable. 
The table of values (Table VIII.) were the minima of several 
sets of readings. The size of the wire used for the hot cathode 
was the same for each, but not the length. There was also a 
slight variation in vapour density and distance between 
electrodes for the different values. 


TasB.E VIII.— Minimum Arcing Potentials. 


First Set. 
Zine. Cadmium. 
Calculated from Calculated from 
py—hs, 8) Experiment. fig h(1-5, 8) Experiment. 
e é 

Volts. | Volts. Volts. Volts. 

9-24 10°49 } 8-85 10°3 

100 | 10-1 
9-7 10-06 

9-5 9-6 

9-4 9-3 


In obtaining these values a standard voltmeter gave the 
P.D.s between B and D, and a second one the P.D.s between 
Hand K. As the heating current was an alternating one the 
values given in Table VIII. were obtained by adding the 
direct current potential fall between / and B to the maximum 
value of the P.D. in the alternating-current cycle between 
H and K. ae 

The results of these experiments, it will be seen, are in 
practical agreement with the results of the original experi- 
ments of McLennan and Henderson,* where it was found that 
the impact voltages which brought on the are and conse- 
quently the many lined spectrum, were given by the quantum 
relation Ve=hv, v being the frequency of the shortest wave 
length of the series of wave lengths given by v=(1-5, S) 
—(m, P). Two points of special importance which were 
brought out in these experiments are (1) that the minimum 
arcing potential corresponded to a definite density of the 
vapour bombarded, and (2) that there were two types of arc 


* McLennan and Henderson, loc. cit. 
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obtainable in vapours of considerable density. With both 
types the many lined spectrum of the metal vaporised was 
obtained, but the two types differed markedly in brilliancy, 
and it was possible to pass from the faint type to the brilliant 
type by a small addition to the impact voltage applied. A 
point which should be noted in regard to this matter is that 
with the brilliant type of arc there was always present and 
superimposed upon the line spectrum a strong continuous white 
light spectrum. With the faint type of arc, while the line 
spectrum stood out clearly, there was a total absence of 
anything like a continuous white light spectrum in the back- 
ground. 


I 
Se ee | 


Iie. 5. 
II. Arcing Potentials in Mercury Vapour. 
(a) General Conditions. 

Some experiments were also carried out with mercury 
vapour. For these the tube shown in Fig. 5 was used. In 
some of the experiments tungsten wire 10 mil in diameter 
was used for the hot cathode, and in others platinum foil 
carrying a spot of calcium oxide was used. The tube, Fig. 5, 
differed from that in Fig. 2, in that there was a single cathode, 
namely, the hot filament F. D, the anode, was made of steel 
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wire dipping down into the receptacle C, which contamed the 
metal to be vaporised. The tube was made of fused quartz, 
and the metal in C was vaporised by the heat trom a Bunsen 
burner. 

Mercury. 

The arcing potential for mercury vapour was found to 
depend upon the temperature of the cathode, much as was the 
case with zinc and cadmium. The mercury was always kept 
hoiling, and the potential at which the are broke was lower by 
4 volt than the striking potential. In this regard, too, mer- 
cury vapour behaved similarly to the vapours of cadmium 
and zinc. 

With the tungsten wire kept intensely hot and the mercury 
boiling the arc was obtained with impact voltages as low as 
6 volts. With platinum foil bearing a spot of calcium oxide 
and heated to a white heat a P.D. as low as 8 volts estab- 
lished the arc. The platinum foil would not stand the same 
high temperature as the tungsten filament, and the difference 
in the arcing voltage was probably due to a cause associated 
with this condition. 


(b) Experiments with Hot Cathodes and Anodes. 


In a special set of experiments a tube was arranged with the 
electrodes similar to the negative electrode in Fig. 5. Each 
electrode had its own heating circuit, and the impact voltages 
were applied by means of a battery inserted between the 
circuits of the two electrodes. In these experiments the arc 
in mercury vapour was never obtained with less than 12 volts. 
The temperature of the anode had little effect, if any, and, 
as the values given below indicate, the heating of the anode 
did not in any way produce a lowering of the arcing potential. 


The following are the results obtained in one set of observa- 
tions :— 


Ne TaBce IX. 
Heating currents. 
Arcing potential. 

Cathode. | Anode. 
Amps. | Amps. ‘ Volts. 

6-2 4-7 12-0 

6-2 5-7 12-3 

6-2 7-4 13-6 


The form of apparatus used in these experiments helped 
to bring out the effect of variations in vapour density and 
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temperature. With the mercury boiling the minimum 
arcing potential was found. Then the flame was removed, and 
as the apparatus cooled the mimimum value diminished for a 
short time, but as further cooling took place it rose rapidly. 
Table X. illustrates this effect, V, representing the potential 
required, while the metal was boiling, and V, the arcing poten- 
tial at the turning point as the vapour cooled. 


TABLE X. 
Heating currents. Arcing potential. 
Cathode. Anode. Ware Vy. 
Amps. Amps. Volts. Volts. 
5°38 4-7 18 14 
6-2 4:7 14 12 
6-2 Beil 13 12 


Ill. Low-voltage Arcs in Cadmium Vapour. 


In working with the cadmium vapour a third set of experi- 
ments was made with a tube of the form shown in Fig. 6. 


7o Pump 


Fig. 6. 


This tube had three branches of fused quartz, one of which 
was used only to connect it to the pump. The cathode F 
was a 15 mil tungsten wire, the leads entering through the 
ebonite plug at #. The anode D was a heavy iron wire 
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ring, whose centre was in line with the cathode, and whose 
edge was everywhere not more than 4mm. from the latter. 
Over the end of the tube there was waxed an iron sleeve, L, 
carrying a glass window, and the wire leading to the anode 
was soldered into this sleeve. The receptacle C and the 
neighbouring parts were heated by an electric furnace, M N, 
and the temperature of the metallie vapour in C was caleu- 
lated from the temperature coefiicient of resistance of the 
wire composing the furnace. ‘Ihe filament / was heated by 
a direct current, the negative end of which was connected 
to earth. The arcing potential was ascertained by measuring 
the P.D. between D and the earthed lead of the filament. 

With the use ofan electric furnace it was possible to main- 
tain the vapour in the discharge tube much more definitely 
at any selected temperature than it was with the use of a 
Bunsen burner. In the present instance the furnace was 
always maintained at a temperature of 400°C. 

With the apparatus in this form the arc was found to have 
all the characteristics previously described. The difference 
in the voltage required to cause the arc to strike and that 
required to maintain it was quite pronounced. lt was also 
found that it was possible to cause ares to strike with voltages 
considerably below those demanded by the quantum theory 
on the basis of the ionisation potential being given by 
pahx(L5, 8), 

é 


wave length of the series »=(1-5, S)—(m, P). 
The results given in Table XJ. will serve to make these 
points clear. 


(1-5, S) being the frequency of the shortest 


TABLE XI.—Ares in Cadmium Vapour. 
The are P.D. between The are P.D. between 
struck at electrodes droppedto| broke at electrodes rose to 
Volts. Volts. Volts. | Volts. | 
7:2 4-2 3-2 | 4-4 
6-9 4-0 34 3-9 
6-6 > By) 2-8 | 2:8 
6-4 3-4 3:1 | 3:8 


the electrodes. Moreover, when arcs were once established, 
it was necessary, as the numbers show, to reduce the voltage 
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applied externally in order to extinguish them. The drop 
in voltage between the electrodes just before the ares were 
extinguished, it will be seen, was a little below the actual 
drop between the electrodes just after extinction had taken 
place. 

As the ionising potential for cadmium given by the quantum 
theory is 8-85 volts, it will be seen that for cadmium vapour 
as for mercury vapour it is possible under certain conditions 
of cathode temperature and vapour pressure to establish ares 
with applied P.D.s considerably below the value of the ionisa- 
tion potential. 

With the cathode at an intensely high temperature the are 
would strike easily between 6 and 7 volts. In one particular 
case the applied P.D. was set at 5-5 volts, and the are struck 
in 5 seconds. When set at 5-0 volts the are struck after 
2 minutes waiting. In this case when the applied potential 
was lowered the arc still persisted at 2 volts. At this low 
voltage the difference in potential between the positive end 
of the cathode filament and the anode was only of the order 
of 0-1 volt. When the applied P.D. was set slightly lower 
than 5 volts no arc appeared even with a 10-minute wait. 
In all the experiments the arc was never observed when the 
applied P.D. was lower than 2 volts. These low readings 
were taken when the cathode was extremely hot, and only a 
few readings could be taken before the filament had to be 
renewed through fusing. 


Summary of Results of the Experiments by Harmer and Kenvp. 


1. It has been shown that increasing the temperature of 
the incandescent cathode lowers the voltage necessary te 
produce arcs in the vapours of mercury, zinc and cadmium. 

2. With limed platinum cathodes arcing voltages were not 
obtained as low as with incandescent tungsten filaments. 

3. With highly heated incandescent cathodes it was found 
that with vapour of low density the arcing potentials were 
generally high. When the density of the vapour was gradually 
increased the arcing potential fell and reached a minimum 
value at a certain density of the vapour. When the density 
of the vapour was still further increased the values of the 
arcing potentials rose again. 

4, The voltages necessary to maintain the arcs in the 
vapours were found to be less than those which had to be 
applied in order to strike the ares. 
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5. With mercury it was found possible to strike arcs with 
arcing potentials as low as 4-75 volts, and to maintain them 
an applied P.D. of 2-84 volts sufficed. Kea 

6. With cadmium vapour arcs were struck with impact 
voltages of 5 volts, and maintained with P.D.s of 2 volts. 
To obtain these low arcing voltages it was necessary to use 
intensely hot cathodes and a copious supply of highly heated 
metallic vapour. 

In many of the experiments it was noticed that when 
certain voltages near the minimum ones were applied no 
are appeared in the vapour forthwith, but ares did finally 
strike when an interval of time of greater or shorter length 
was allowed to elapse. 

7. With moderately heated incandescent cathodes and a 
moderate supply of metallic vapour the arcing voltages with 
mercury, zinc and cadmium vapours under electric bombard- 
ment were given by the quantum relation jo 5), 
where (1-5, S) is the frequency of the shortest wave length 
in the v=(1-5, S)—(m, P) series. 


8. In experiments with cadmium vapour it was found to. 


be possible to set up two types of arc in the vapour, the 
one being faint and the other brilliant. The line spectrum 
of the two types appeared to be the same in character, but 
different in intensity. Additions of a P.D. in the applied 
field of not more than a volt generally sufficed to enable one 
to pass from the faint to the brilliant type. With the bril- 
hant arcs a continuous white light spectrum was superimposed 
upon the line spectrum. 

9. Irregularities in the experimental results were in a 
measure removed when the metal being vaporised was elec- 
trically connected to the positive terminal of the discharge 
tube. 


The Physical Laboratory, University of Toronto, 
July 1, 1917. 
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